Direction discrimination thresholds for maximum motion displacement (D max ) are not fixed, but are stimulus dependent. D max increases with reduced dot probability or increased dot size. We previously reported abnormal D max in the fellow eyes of amblyopic children for dense patterns of small dots. To determine how deficits of D max in amblyopic eyes compare to those in fellow eyes, thresholds were obtained in both eyes of 9 children with unilateral amblyopia and 9 control children. The expected increase in D max was observed for reduced dot probability and increased dot size conditions relative to baseline in both control and amblyopic groups. Both eyes of the amblyopic group demonstrated significant deficits. Our findings implicate abnormal binocular motion processing, which may involve both low-level and high-level motion mechanisms, in the neural deficit underlying amblyopia.
Introduction
Amblyopia is a developmental condition that may affect a healthy eye during childhood if it is deprived of normal visual stimulation due to visual deprivation, ocular misalignment (strabismus) and/or unequal refractive errors (anisometropia). Clinically, reduced visual acuity (VA) on standardized tests involving letter or shape recognition is the diagnostic indicator of amblyopia. Unilateral amblyopia is characterized by reduced VA in the amblyopic eye with normal VA in the fellow eye, when tested through an optimal refractive correction.
Motion perception is rarely tested clinically, but emerging research evidence suggests that it is not spared in amblyopic eyes (Buckingham, Watkins, Bansal, & Bamford, 1991; Ellemberg, Lewis, Maurer, Brar, & Brent, 2002; Giaschi, Regan, Kraft, & Hong, 1992; Hess, Demanins, & Bex, 1997; Ho et al., 2005; Ho et al., 2006; Kelly & Buckingham, 1998; Schor & Levi, 1980a , 1980b Simmers, Ledgeway, & Hess, 2005; Simmers, Ledgeway, Hess, & McGraw, 2003; Simmers, Ledgeway, Mansouri, Hutchinson, & Hess, 2006; Steinman, Levi, & McKee, 1988) . It has been suggested that motion perception deficits may provide a measure of neural change and visual loss more sensitive than form perception deficits (Kelly & Buckingham, 1998) .
The fellow eye in amblyopia is often assumed to have normal visual function because it demonstrates normal VA. This assumption is likely not valid as numerous studies have reported subtle deficits in form perception (Davis et al., 2003; Kandel, Grattan, & Bedell, 1980; Kovacs, Polat, Pennefather, Chandna, & Norcia, 2000; Leguire, Rogers, & Bremer, 1990; Lewis, Maurer, Tytla, Bowering, & Brent, 1992; Wang, Ho, & Giaschi, in press) and more robust deficits in motion perception (Ellemberg et al., 2002; Giaschi et al., 1992; Ho et al., 2005 Ho et al., , 2006 Kelly & Buckingham, 1998; Simmers et al., 2003 Simmers et al., , 2006 in the clinically unaffected fellow eye.
Previously, we investigated performance on global motion, motion-defined form, and maximum motion displacement (D max ) tasks in the fellow eyes of children with amblyopia (Ho et al., 2005) . Motion-defined form perception was abnormal in the amblyopic group relative to an age-matched control group. D max was abnormal in some children with amblyopia; global motion perception was normal in most children. In that study, only the fellow eyes were tested and the stimulus used to measure D max was a dense display comprised of small dots. D max , however, is highly dependent on the stimulus parameters chosen and may be determined by either spatial-frequency-dependent (low-level) or feature-matching (high-level) motion mechanisms, depending on the stimulus (Nishida & Sato, 1995; Sato, 1998; Snowden & Braddick, 1990) .
D max increases with an increase in retinal eccentricity or stimulus size (Baker & Braddick, 1982; Braddick, 1974; Chang & Julesz, 1983a; Nakayama & Silverman, 1984; Todd & Norman, 1995) , increase in dot size beyond 15 min (Cavanagh, Boeglin, & Favreau, 1985; Morgan, 1992; Sato, 1990) , decrease in dot density (Boulton & Baker, 1993; Eagle & Rogers, 1996 Ramachandran & Anstis, 1983) , and/or increase in the number of frames in the random dot kinematogram (RDK) (Nakayama & Silverman, 1984; Nishida & Sato, 1992; Snowden & Braddick, 1989a , 1989b Todd & Norman, 1995) . D max also increases with low-or band-pass spatial-frequency filtering that eliminates high spatial frequencies from the stimulus (Chang & Julesz, 1983b; Cleary & Braddick, 1990; De Bruyn & Orban, 1989) . Overall, D max increases with manipulations that reduce the complexity of the stimulus, and presumably increase the reliance on higher-level feature-matching mechanisms (Sato, 1998) .
The stimulus used in our previous study (Ho et al., 2005) would likely be processed by a low-level mechanism. Recent studies on amblyopia, however, suggest that high-level motion processing is more impaired than low-level motion processing Simmers et al., 2005 Simmers et al., , 2006 . Our aim with the current study was to investigate the effects of stimulus manipulations on D max in amblyopic children, and to compare performance in amblyopic and fellow eyes. Most studies investigate D max using 2-frame RDKs that may have less in common with true smooth motion than multi-frame RDKs (De Bruyn & Orban, 1989) . We used large field 4-frame RDKs to determine whether the increase in D max typically observed by increasing dot size or reducing dot probability also holds true for children with amblyopia. We determined D max for a baseline condition, a reduced dot probability condition, and an increased dot size condition. Dot sizes were selected to fall in a range above 20 min, below which changes in dot size have little effect on D max (Cavanagh et al., 1985; Morgan, 1992; Sato, 1990 ).
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The high-level motion system is also hypothesized to exhibit an effect of stimulus onset asynchrony (SOA) consistent with Korte's third law (Sato, 1998) which states that D max increases as SOA increases (Korte, 1915) . We, therefore, measured D max for each of the three conditions at three different SOAs in order to explore high-level motion mechanism involvement. Throughout this study, we refer to low-level mechanisms as spatial-frequency-dependent and high-level mechanisms as feature-matching (Nishida & Sato, 1995; Sato, 1998) . To clarify, this distinction differs from the stimulus-based mechanisms used by Cavanagh and Mather (1990) . They describe low-level and high-level mechanisms as those involved with first-order stimuli (luminance-or color-defined) and second-order stimuli (motion-or stereo-defined), respectively. The former definition is most appropriate for this study as all motion stimuli used were first-order.
Methods

Subject selection
To rule out potential confounds related to maturation of performance on the D max task, all children included in this study were over the age of 8 years. D max for dense displays of small dots has been shown to mature at around age 7-8 years (Parrish, Giaschi, Boden, & Dougherty, 2005) .
Control group
A total of 18 control children were tested, ranging in age from 9 to 15 years. All children included had distance and near monocular line VA equivalent to or better than, respectively, 6/6 or 0.4 M (Jose & Atcherson, 1977) . Eighteen children participated in Experiment 1, and 9 of these children participated in Experiment 2. Distance line VA was measured using the Regan 96% contrast letter chart and near VA was measured using the University of Waterloo near vision test card. The Regan 96% contrast letter chart was used to measure VA because it has letter spacing designed to minimize crowding effects and has a logarithmic progression of letter size (Regan, 1988) . Both acuity cut-off values represent letter size with detail of 1 min when measured at 6 m and 40 cm, respectively. Stereoacuity was required to be equivalent to or better than 40 s of arc. Stereoacuity was assessed using the Randot Stereotest (Stereo Optical Co., Inc.). All subjects had normal contrast sensitivity across a range of spatial frequencies when assessed with the Functional Acuity Contrast Test (Vistech Consultants, Inc.) . No subject had a history of ocular pathology or abnormal visual development. 1 The spatial frequency content of a random dot pattern is determined by dot size (Julesz, 1971) . Altering dot probability without changing dot size does not alter spatial frequency content but reduces the overall power (energy) of the global frequency distribution which is essentially low pass with a cut-off equal to the reciprocal of the dot size (i.e. the sampling interval). Dot density of a random dot pattern can be reduced in several ways: decreasing dot probability, increasing dot size (sampling interval), or low-pass filtering (Eagle & Rogers, 1996) . Each of these changes to a random dot pattern has a different effect on the cut-off and amplitude (power) of the global frequency distribution of that pattern: decreasing power in the first case, and decreasing the low-pass cut off in the latter two cases described above. In our experiments, we are manipulating dot density by decreasing dot probability in Condition 2 and increasing dot size for Condition 3, relative to the baseline condition (Condition 1).
Amblyopic group
Specific details for the amblyopic participants are described in Section 4.
Apparatus
The psychophysical tasks were programmed in Matlab and run on a Macintosh Power G4 computer. The stimuli were displayed on a 17 inch Sony Trinitron monitor with a resolution of 1024 · 768 (horizontal · vertical) pixels and a refresh rate of 75 Hz. Subject responses were collected with a MacGravis gamepad.
Stimulus
The visual stimuli for all conditions of the D max task consisted of randomly generated patterns of white dots (100 cd/m 2 ) on a black background (5 cd/m 2 ). The viewing distance was 1.0 m. The entire random-dot display subtended a visual angle of 18.3 · 13.6 deg (horizontal · vertical).
Each subject performed the task under three display parameters: 20 min dot size at 5% dot density (Condition 1), 20 min dot size at 0.5% dot density (Condition 2), and 1 deg dot size at 5% dot density (Condition 3). The dot sizes listed above represent the diameter of each round dot in the display. Each RDK consisted of 4 frames and the duration of each frame was varied. Each of the 3 stimulus parameters listed above were presented with 3 different SOA times for each frame corresponding to 4, 8, and 12 screen refreshes, at 75 Hz. This resulted in total trial durations of 213, 427, and 640 ms, respectively. No inter-stimulus interval was used. This gave a total of 9 conditions.
Procedure
The study was approved by the University of British Columbia's Behavioural Research Ethics Board. All testing was completed in one session that lasted approximately 1 h. Prescribed optical correction was worn throughout testing for subjects requiring refractive correction. Testing was performed under diffuse illumination with lights directed away from the display screen to prevent glare. The non-tested eye was occluded with an opaque black patch. Test distance was monitored throughout all the experimental trials to ensure that it remained constant. Subject responses were self-paced and subjects were asked to guess the correct response if they were unsure. Feedback was provided for the subjects to motivate and encourage them throughout the trials. The eye that was tested first in each experiment was randomly determined.
For each trial, the random dot display was displaced by a given jump size, upward or downward, at 100% coherence, for four consecutive frames of animation. The task was direction discrimination of the apparent motion. A two-alternative forced-choice (2AFC) paradigm was used, in which the probability of accurately guessing the correct response was 50%.
As the displacement increased, the task of direction discrimination became more difficult. A staircase adjusted the jump size of each trial in every condition tested. All conditions began with a jump size of 0.3 deg that all participants performed with 100% accuracy. This start point was selected, after several pilot experiments, to ensure that jump size never decreased beyond the initial start point and that our D max measures were not being confounded with potential measures of minimum displacement (D min ). Jump size was adjusted such that it increased after two correct responses, and decreased after one incorrect response. The initial jump size step was 1 deg and this was halved after each reversal. The staircase ended after the tenth reversal in jump size or after 50 trial presentations, whichever occurred first. This type of staircase procedure has been used successfully with infants (Swanson & Birch, 1990) and its advantages are discussed in Levitt (1970) . Throughout testing, subjects were asked to maintain fixation on a cross in the middle of the screen.
Threshold calculations
Thresholds were determined by fitting a Weibull function to the data for each participant on each of the three tasks, using a maximum-likelihood minimization procedure (Watson, 1979) . Threshold was defined as the point of maximum slope on the fitted curve, which occurs at 82% correct in a 2AFC procedure (Strasburger, 2001) . A v 2 test was performed to ensure that threshold estimates were valid by confirming that the Weibull function adequately fit the data for each child.
Experiment 1
The objectives of this experiment were: (1) to establish normal performance on our psychophysical tasks; (2) to confirm that the stimuli gave the expected increase in D max with increased dot size, reduced dot probability and increased SOA.
Eighteen subjects (M = 12.6 yrs, SD = 2.0 yrs; males n = 8, females n = 10) were tested on the 9 counterbalanced conditions in each eye.
Results
A three-way repeated measures ANOVA was performed with SOA (53, 107, and 160 ms), eye tested (first, second), and condition (1, 2, and 3) as the within factors. The interactions of condition · eye · SOA, condition · eye, and eye · SOA were non-significant. The only significant interaction was SOA · condition (F 1,18 = 11.78, p = .003). Simple main effect analysis revealed a significant effect of SOA only for Condition 2 (F 2,111 = 5.50, p = .005) and Condition 3 (F 2,111 = 5.42, p = .006) but not Condition 1 (F 2,111 = .73, p = .487). The effect size for the significant SOA effects were moderate (g 2 p ¼ 0:09) for both Conditions 2 and 3. Bonferroni adjusted pairwise comparisons of mean D max thresholds showed that D max thresholds obtained using a SOA of 53 ms (M = 2.95, SD = 0.59) significantly differed from that obtained using a SOA of 107 ms (M = 3.36, SD = 0.63, p < .05) and 160 ms (M = 3.39, SD = 0.71, p < .05) within Condition 2. Within Condition 3, the same pattern of results was obtained and D max thresholds obtained for an SOA of 53 ms (M = 2.68, SD = 0.61) significantly differed from that obtained using a SOA of 107 ms (M = 3.04, SD = 0.63, p < .05) and 160 ms (M = 3.13, SD = 0.63, p < .01). These means are depicted in Fig. 1 .
All factors and interactions met the assumption of sphericity with Mauchley's test of sphericity except for the factor of condition. A significant main effect of condition persisted after applying the Greenhouse-Geisser correction (F 1.50,27.04 = 217.71, p = .000). The effect size of the difference was large (g 2 p ¼ 0:92). Bonferroni adjusted pairwise comparisons of mean D max thresholds showed that D max thresholds obtained for Condition 1 (M = 1.53, SD = 0.09) significantly differed from those obtained for Condition 2 (M = 3.23, SD = 0.08, p = .000) and for Condition 3 (M = 2.95, SD = 0.07, p = .000). This indicates a significant increase in D max with decreased dot probability (Condition 2) and with increased dot size (Condition 3) relative to baseline (Condition 1). Conditions 2 and 3 can not be directly compared as they comprise both different dot densities and dot sizes relative to each other.
As expected, there was no significant main effect of the ''eye tested'' factor, confirming that performance in the first and second eyes tested was similar. Because both eyes performed similarly, the overall mean thresholds across both eyes are depicted in Fig. 1. 
Discussion
Our findings are consistent with previous reports that an increase in D max is observed for RDKs with reduced dot probability (Boulton & Baker, 1993; Eagle & Rogers, 1996 Ramachandran & Anstis, 1983) , and increased dot size (Cavanagh et al., 1985; Morgan, 1992; Sato, 1990) .
We believe that the larger dot-size and reduced-dot-density conditions represent high-level motion tasks that are mediated by feature-matching mechanisms. Higher-level motion mechanisms give a larger D max (Sato, 1998) and in this experiment, both the reduced-dot-density and increased-dot-size conditions gave larger D max thresholds than the baseline condition. Furthermore, the effects of SOA in this experiment were statistically significant for only the reduced-dot-probability and the increased-dot-size conditions. Others have reported a similar effect of SOA using displays with increased dot size (Cavanagh et al., 1985; Sato, 1998) and with reduced dot density (Ramachandran & Anstis, 1983; Sato, 1998) . A SOA effect is suggestive of high-level, feature-matching mechanisms since low-level spatial-frequency-dependent mechanisms typically do not follow Korte's third law (Sato, 1998) .
Experiment 2
The objective of this experiment was to investigate performance on the above psychophysical D max tasks in both eyes of amblyopic children and to compare the obtained thresholds to those of age-matched control children.
The amblyopic group consisted of 9 children ranging in age from 9 to 15 years (M = 11.6 yrs, SD = 1.8 yrs). The subjects were referred from the Department of Ophthalmology at the Children's and Women's Health Centre of British Columbia, and from other local clinics. The ages and clinical diagnoses of children in the amblyopic group are summarized in Table 1 . To be included in the amblyopic group, there had to be at least a 1.5 line difference in VA between the amblyopic and fellow eye in the presence of anisometropia and/or strabismus. To be classified as anisometropic in this study, there had to be at least a 1.00 dioptre difference in the spherical equivalent refractive error between amblyopic and fellow eyes. Of the nine subjects, three had strabismus and six had anisometropia. None of the subjects included had eccentric fixation, latent or manifest nystagmus, anomalous retinal correspondence, or oculomotor dysfunction with the exception of strabismus. Both the amblyopic and fellow eyes were tested. To avoid the possibility of testing subjects with bilateral amblyopia, the inclusion criteria for the fellow eye was the same as that for the control subjects, described above. Four additional amblyopic subjects were excluded from the study for not meeting the inclusion criteria.
Nine control children that were age-matched to the amblyopic subjects were tested in both eyes. Details for these children are outlined in Section 2.1.
All conditions were counterbalanced and the eye that was tested first was randomly varied. Methods were exactly as described in Section 2.
Results
A repeated measures ANOVA was performed with SOA (53, 107, and 160 ms), eye tested (amblyopic group: amblyopic, fellow; control group: first, second) and condition (1, 2, and 3) as the within factors, and group (amblyopic, control) as the between factor.
All higher-order interactions, and the interactions of eye · group, SOA · group, condition · eye, SOA · eye were non-significant. Significant interactions were: (1) SOA · condition (F 4,64 = 3.09, p = .022) and (2) group · condition (F 2,32 = 4.24, p = .015). Simple main effect analysis of the first significant interaction revealed a significant effect of SOA only for Condition 2 (F 2,102 = 3.11, p = .049), but not Condition 1 (F 2,102 = 1.75, p = .180) or Condition 3 (F 2,102 = 1.96, p = .146). The effect size for the significant SOA effect for Condition 2 was moderate (g 2 p ¼0.06). Bonferroni adjusted pairwise comparisons of mean D max thresholds showed that D max thresholds obtained using a SOA of 53 ms (M = 2.93, SD = 0.57) significantly differed from that obtained using a SOA of 107 ms (M = 3.26, SD = 0.63 p < .05) and 160 ms (M = 3.17, SD = 0.60, p < .10) within Condition 2. The D max thresholds for the two longer SOAs did not significantly differ. A similar increasing trend was seen for Condition 3 (53 ms M = 2.77, SD = 0.52; 107 ms M = 3.00, SD = 0.64; 160 ms M = 3.04, SD = 0.64), although not significant statistically. In contrast, a decreasing trend where D max thresholds tended to decrease with increasing SOA was found for Condition 1 (53 ms M = 1.48, SD = 0.66; 107 ms M = 1.37, SD = 0.64; 160 ms M = 1.24, SD = 0.31).
Simple main effect analysis of the second significant interaction revealed a significant effect of group only for Condition 1 (F 1,102 = 8.79, p = .004) and Condition 2 (F 2,102 = 5.63, p = .019), but not for Condition 3 (F 2,102 = 0.81, p = .371). The effect sizes for the significant group effects of Conditions 1 and 2 were moderate (g 2 p ¼ 0:08 and 0.06, respectively). D max thresholds obtained for the amblyopic group (M = 1.21, SD = 0.28) were significantly lower than those for the control group (M = 1.52, SD = 0.71) for Condition 1. Similarly for Condition 2, thresholds were lower in the amblyopic group. The means were: amblyopic group M = 2.99, SD = 0.54, and control group M = 3.26, SD = 0.65.
All within factors and interactions met the assumption of sphericity with the exception of SOA. The main effect of SOA was non-significant after applying the Greenhouse-Geisser correction (F 1.43,22.89 = 2.49, p = .119). The main effects of group (F 1,16 = 6.034, p = .015) and condition (F 2,32 = 228.93, p = .000) were both significant, which was predictable based on the significant interactions summarized above. There was no significant main effect of eye tested (F 1,16 = 0.02, p = .89), indicating that All subjects with strabismus had history of surgery except for subject marked * . All subjects were treated for a period with full time occlusion therapy except for subject marked * . D = prism dioptre.
performance between amblyopic and fellow eyes was comparable. The mean thresholds for each eye of the amblyopic group and the average of both eyes for the control group are depicted in Fig. 2 . The D max deficits can not be explained by visual acuity loss because the fellow eyes tested met the same inclusion criteria as control eyes.
McKee and colleagues (McKee, Levi, & Movshon, 2003) found that differences in performance on several psychophysical tasks could be predicted based on binocular and non-binocular classifications. We, therefore, classified each amblyopic participant as binocular or non-binocular corresponding to stereoacuity less than or greater than 400 s, respectively. All 6 participants with pure anisometropia were binocular and the 3 participants with strabismus were non-binocular. Individual z-scores, determined from the means and standard deviations of the control group (for each of the 9 conditions), were used to examine possible D max differences between binocular and non-binocular participants. None of the individual z-scores in either eye were > ±1.64, thus the observed deficits in the amblyopic group were not driven by only a few participants with exceptionally abnormal performance. In addition, the negative zscores, corresponding to lower D max thresholds, belonged to both binocular and non-binocular participants, and the deficits appeared to be generalized across all participants with amblyopia. Furthermore, D max scores for amblyopic and fellow eyes were not significantly correlated to stereoacuity (r = .03, p = .81) suggesting that the reported deficits do not differ based on the degree of binocularity.
Discussion
The results suggest that amblyopic children show the expected increase in D max for displays with increased dot size or reduced dot density relative to baseline, similar to the controls in Experiments 1 and 2. However, on the baseline and reduced-dot-probability conditions, D max was significantly lower in both eyes of the amblyopic group compared to the control group. This is illustrated in Fig. 2 . These deficits could reflect a relative immaturity in the amblyopic visual system compared to the age-matched control population.
The conclusion that both low-level (Condition 1) and high-level (Conditions 2 and 3) motion deficits exist in amblyopia can not be clearly made but is suggested by our findings. The results for both Condition 1 and 2 show a significant difference in performance between amblyopic and control groups. Also, Condition 2 does demonstrate the SOA effect that is expected with high-level motion stimuli. The results for Condition 3 do not support this conclusion because neither a significant group nor a SOA effect was found. D max for amblyopic and control groups was more similar with increased-dot-size displays. Further studies involving a range of dot sizes and densities will need to be done to determine the stimulus parameters where control and amblyopic group performance converges.
Several studies have looked at the spatial limits of direction-selective neurons, which can be considered a neural correlate to the psychophysical measure of maximum displacement (D max ). Mikami and colleagues (Mikami, Newsome, & Wurtz, 1986) found that the upper spatial limit of displacement (in the preferred direction) to which direc- tion-selective neurons would respond was three times as large for MT than V1 in alert macaques. The authors concluded that V1 input does not fully account for the directional mechanisms in MT. It is possible that high-level input from extra-striate cortical regions (or low-level input from other direction-selective regions such as V2 or V3) modifies direction-selective responses in MT. In contrast, Churchland and colleagues (Churchland, Priebe, & Lisberger, 2005) found that neurons in V1 and MT retained direction selectivity for similar displacement limits, suggesting a strong V1 influence on direction selectivity in MT. Thus, the D max deficit in amblyopia could be due to a neural deficit in V1, MT, or other extra-striate regions that provide input to these cortical areas. Regions of the dorsal stream may be among the extra-striate regions involved. Simmers and colleagues reported deficits in MT using first-and second-order global motion stimuli (Simmers et al., 2003 (Simmers et al., , 2005 as well as deficits in MSTd using translational, rotational, and radial optic flow patterns (Simmers et al., 2006) in an amblyopic population.
There have been reports of high-level, attentive motion perception deficits in individuals with parietal lobe lesions that spare low-level motion perception (Battelli et al., 2001; Michel & Henaff, 2004) as well as in amblyopic children . The attentive-tracking deficits seen in amblyopia are likely associated with impairment of the parietal cortex because Culham and colleagues identified parietal activation using similar attentivetracking tasks with functional MRI (Culham et al., 1998) . Other groups have also identified significant parietal lobe involvement in high-level motion perception with fMRI (Claeys, Lindsey, De Schutter, & Orban, 2003) . Attentive tracking (Cavanagh, 1992) is a high-level motion task that involves feature-matching mechanisms. Attentive tracking and high-level D max may share similar or related featurematching mechanisms.
There is physiological evidence showing that parietal areas in the macaque are involved in high-level motion processing (Assad & Maunsell, 1995) and high-level direction discrimination (Williams, Elfar, Eskandar, Toth, & Assad, 2003) . Williams and colleagues suggest the role of parietal neurons in motion perception is to fill in gaps when visual information is incomplete or ambiguous. This could be extended to the perception of apparent motion under certain stimulus parameters such as random dot displays with low dot densities and/or large dot size (Sato, 1998) , as well as to classical long-range stimuli (Braddick, 1974) .
Aspects of form perception/ventral stream processing, however, have also been shown to be active in long-range apparent motion (Zhou et al., 2003) . Thus, although there is much evidence suggesting dorsal stream impairment in amblyopia (Simmers et al., 2003 (Simmers et al., , 2006 Ho et al., 2006) 
General discussion
Our findings provide further evidence that motion processing is not normal in amblyopia and that these reported deficits can not be explained fully by an inability to see the motion stimulus due to reduced visual acuity. Cortical regions that are highly binocular are implicated because the deficits are not limited to just amblyopic eyes, but also affect fellow eyes. It is likely that the baseline condition is processed through low-level mechanisms and the reduceddot-probability and increased-dot-size conditions involve higher-level mechanisms. Sato (1998) discussed the possibility that as dot probability is decreased and dot size is increased, there is a switch from low-to high-level processing for D max . Our results suggest that this ''switch'' is intact in amblyopia, but that both low-and high-level motion deficits may exist.
The results of this study can not be completely accounted for by spatial-frequency-dependent mechanisms. The increased D max with reduced-dot-probability and largerdot-size conditions are consistent with results predicted based on feature matching. Because the larger dot-size condition has lower spatial-frequency content, it may involve larger low-level motion detectors that yield a larger D max . This can not explain the D max increase observed for the reduced-dot-probability condition which does not involve larger detectors than the baseline condition since dot size is constant. Interestingly, D max has been shown to increase with reduced dot density (Sato, 1998) and increased dot size (Eagle & Rogers, 1996; Morgan, Perry, & Fahle, 1997; Smith & Ledgeway, 2001 ) even with high-pass filtered stimuli which should eliminate the low-spatial-frequency motion signal and decrease D max . High-spatial frequencies appear capable of carrying motion signals, not through low-level mechanisms, but likely through high-level, feature-matching mechanisms (Bex & Dakin, 2003; Eagle, 1998; Glennerster, 1998) .
Previously, Ho and colleagues (2005) reported D max deficits in the fellow eyes of amblyopic children between the ages of 4 and 11 years of age. A trend was reported for children with anisometropic amblyopia to have abnormally high D max and those with strabismic amblyopia to have abnormally low D max , relative to control children. The stimulus in this previous study was an 8-frame RDK of 5% dot density and 0.84 min dots. Previous studies have shown that increasing dot size beyond 15 min elevated D max , but changes in dot size had little effect on D max for dot sizes below 15 min (Cavanagh et al., 1985; Morgan, 1992; Sato, 1990) . It would be reasonable to assume that D max for the baseline condition in this study should give similar results to the previous study especially since 8 of the 9 amblyopic children tested in this study had anisometropia. However, in the present study, we did not find fellow eye performance to be better than controls for our baseline condition. This can be explained if we consider that most of the children tested in the previous study likely had fewer high spatial-frequencytuned detectors because they: (1) were not visually mature and (2) were still undergoing occlusion therapy for anisometropic amblyopia. In the current study, all children had completed occlusion therapy. During occlusion therapy, visual acuity or detection of high-spatial frequencies generally improves. If the number of high-spatial-frequencytuned receptors increases during occlusion therapy, then there may be more high-spatial-frequency masking, at least for the baseline (low-level) condition. This could cause a gradual reduction in D max values in both fellow and amblyopic eyes. Once visual maturity is reached, amblyopic children may ''lag'' behind age-matched controls. For example, lateral connections may be more constrained in amblyopia, limiting the spatial extent of motion detectors, and be manifested as a reduced D max .
Future studies investigating changes in D max in amblyopic children as they undergo occlusion therapy, using a range of stimulus parameters, as well as functional neuroimaging will help to elaborate upon these current findings.
